The system of vegetable crops production required large amounts of mineral fertilizers. One of the possible alternatives to assure the economic and environmental sustainability of this production system would be the use of promoting growth plant rhizobacteria (PGPR). However, care is needed to select a microorganism to be used in crops that are usually consumed raw, so human health is not at risk. It was important to search for PGPR, as rhizobium, that already were broadly used as inoculants for leguminous plants for several decades, without risks to human health. PGPR can promote growth and development of plants through direct and indirect mechanisms, by production and secretion of chemical substances in the rhizosphere. The direct mechanisms were involved with the uptake of nutrients by the plants (nitrogen, phosphorus and essential minerals) through phosphate solubilization, production of siderophores and growth regulators. The indirect mechanisms were involved with the decrease of inhibitory effects from various pathogenic agents related with biological pest control, thereby favoring plant growth. Nevertheless, due to its ability to promote beneficial effects to plants, effective bacterial colonization was extremely important. Some bacteria that colonized the rhizoplane may penetrate the plant roots and some strains may move to the aerial part, with decreased bacterial density, compared with colonizing populations in the rhizosphere or roots. It can be concluded that Rhizobia promotes plant growth using different mechanisms as biological nitrogen fixation and production of different plant growth regulators (e.g. auxins). Therefore, new studies with Rhizobia characterization and observation about its different mechanisms of promoting plant growth should be performed. Such information would be useful for the identification of plants with potential to increase agricultural production due to the benefits of using plant growth promoter's rhizobia.
INTRODUCTION

Rhizobium as plant growth promoters
Bacteria capable of colonizing the rhizosphere or plant roots and also assist direct or indirectly the crop growth and development are called promoting growth plant rhizobacteria (PGPR) (Kloepper et al., 1980; Abbasi et al., 2011) . These rhizobacteria have the ability to stimulate crop growth through enrichment of soil nutrients, *Corresponding author. E-mail: cla.borges@gmail.com.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License such as biological nitrogen fixation, phosphate solubilization, siderophores production and growth regulators. Furthermore, they may act as a biological control, producing defense substances for the plant, as cellulase, protease, lipase and β-1,3 glucanase (Ahmed et al., 2009; Bulgarelli et al., 2013; Gopalakrishnan et al., 2015) .
In the search for a more sustainable agricultural production, the pant-rhizobacteria interactions are important when related to nutrients transformation, mobilization and solubilization, so the plant may absorb nutrients that would otherwise be unavailable for its development (Hayat et al., 2010; Gopalakrishnan et al., 2015) . Agricultural production sustainability is based on biological approaches for enhancement of agricultural production, seeking alternatives to reduce fertilizers. Rhizobacteria may be an alternative for assisting cultivars growth and protection.
Several studies are being conducted with the objective of investigating the potential for rhizobacteria to promote plant growth through substances that regulate growth, tolerance of these bacteria to agrochemicals, abiotic stress, among others (Ahamad and Khan, 2012; GurURANI et al., 2013; Gopalakrishnan et al., 2015) . However, most of the studies with plant growth promoting bacteria is related to the Enterobacter, Burkholderia, and Bacillus species. Although there are promising results with the use of rhizobium for growth promotion in several crop species as rice, wheat and corn (Hahn, 2013; Osório Filho, 2014) , the mechanisms involved in those processes are not yet fully understood. Findings on the use of rhizobium for plant growth broaden the perspectives for its use on diverse agricultural systems and on the different crop species. Initially, when the term rhizobacteria was introduced, it was destined to nonsymbiotic bacteria present in the rhizosphere with the ability to colonize the radicular system and favor plant growth (Kloepper and Schroth, 1978) .
With the advances of studies on the plant-microbe interactions, new concepts were established. This includes bacteria that establish symbiotic relationships with the plant, in the group of the so called intracellular PGPR (iPGPR), which live inside of the root cells, form nodules and live in specialized structures. These new concepts also include bacteria that develops in the rhizosphere, rhizoplane or intercellular space, without the formation of nodules, but capable of crop growth promotion through the production of specific substances, which is the group called extracellular PGPR (ePGPR) (Gray and Smith, 2005) .
Among the intracellular PGPR, the most studied are the rhizobium with leguminous plants symbiosis (Gray and Smith, 2005) , and among the extracellular PGPR are the bacteria from the Bacillus and Pseudomonas genera (HarTEMAN et al., 2010; Rocha and Moura, 2013) . There are, however, rhizobacteria that can stablish both in the interior and exterior of cells, belonging to both groups, that is, Burkholderia (Gray and Smith, 2005) . The best studied example is the beneficial interaction between rhizobium and plants from the Fabaceae family (leguminous), and they are the most used agricultural inoculants in the world. In symbiosis, the rhizobium grows using the carbohydrates supplied by the host plant, and in exchange, provides fixed nitrogen for amino acid biosynthesis (Brencic and Winans, 2005; Gray and Smith, 2005) . This symbiosis is an example of the intimal relationship between a soil bacteria and its host plant, and illustrates the concept of iPGPR for soils with nitrogen deficiency. Bacteria convert atmospheric nitrogen (N 2 ) to ammonia (NH 3 ), thus promoting leguminous plant growth through the supply of this nutrient (Van Loon, 2007) . However, rizhobium may also be classified as ePGPR when associated with nonleguminous plants, being able to accommodate between the spaces among the plant cells or in the rhizosphere, on the roots surface. As such, they stimulate plant growth through several ways, such as: growth regulators production, phosphate solubilization, siderophores production, and more (Moreira et al., 2010; Garcia-Fraile et al., 2012; Flores-Félix et al., 2013) .
MECHANISMS OF PLANT GROWTH PROMOTION
Plant-microbe interactions may affect the growth of the crops by direct or indirect mechanisms (Glick, 2012) . Among the direct mechanisms, are the biological fixation of nitrogen (BFN); plant growth regulators production such as indolacetic acid (IAA), gibberellins, cytokinins and ethylene; phosphate solubilization; and siderophores production.
Biological nitrogen fixation
Microorganisms capable of atmospheric nitrogen fixation are called diazotrofic and are classified as: symbionts, e.g. rhizobium that establish relationships with leguminous plants or Frankia that establishes relationship with non-leguminous plants, free-living, associative and endophytic, as Azospirillum, Azotobacter and cyanobacteria (Anabaena, Nostoc) (Ahemad and Khan, 2012; Bhattacharyya and Jha, 2012) .
Biological fixation of nitrogen (BFN) is the process by which the diazotrofic microorganisms in the soil convert atmospheric N 2 into NH 3 , which is the form the plants can assimilate. This process is accomplished through an enzymatic complex called nitrogenase (Zehr et al., 2003; Stefan et al., 2008; Bulgarelli et al., 2013) . Through BFN, the nitrogenated compounds are readily available to plants, by associative relations, or released to the environment, by the decomposition of the bacterial biomass (Lindermann and Glover, 2003; Gopalakrishnan et al., 2015) .
The symbiotic relationship between rhizobium and leguminous plants is able to fix approximately 460 kg of nitrogen per year (Bulgarelli et al., 2013) . Several studies have demonstrated the importance of BFN by rhizobium, not only because of the benefits for leguminous plants, but also through mixed intercropping, benefiting the species to be planted after the leguminous cultivar (Castro et al., 2004; Hayat et al., 2008) . Several freeliving bacteria, either associative and/or endophytic, promote the growth of several plants by BFN, that is, bacteria from the Azospirillum, Burkholderia, Herbaspirillum, Klebsiella, Enterobacter, and Citrobacter genera (James et al., 2000; Kennedy et al., 2004; Gholami et al., 2009 ).
Production of substances that regulate crop growth
Plant growth regulators are chemical compounds that influence and promote the growth and development of plants. The main classes are: auxins, cytokinins, gibberellins, abscisic acid and ethylene (Santner and EstELLE, 2009) . Among the auxins, indolacetic acid (IAA) is the most abundant one and it is involved with several cellular processes and processes of crop growth and development. It is also the most physiological active auxin on crops and it is the focus of studies related with promoting growth plant rhizobacteria (Bulgarelli et al., 2013) .
Several studies have demonstrated the involvement of rhizobacteria in the biosynthesis of IAA, both in culture and in the soil (Hameed et al., 2004; Khalid et al., 2004; Thakuria et al., 2004) . One of the direct effects of IAA producing rhizobacteria is the proliferation of secondary rooting and radicular hairs, enhancing the nutrient absorption by the plants associated with these bacteria and, therefore, improving crop growth and development (Biswas et al., 200; Lambrecht et al., 2000; Machado, 2011) .
The ability to produce indolacetic acid is one of the most studied mechanisms in the promotion of plant growth by rhizobacteria, and approximately 80% of bacteria isolated in the rhizosphere can produce IAA. Several studies have demonstrated that most rhizobium is able to produce IAA. It is involved with the processes of cell division and differentiation, which are essential for the nodule formation, when in symbiosis with the leguminous species (Ahemad and Khan, 2012; Hahn, 2013; Osório Filho, 2014; Machado, 2015) .
Another growth regulator produced by PGPR are gibberellins, that were named after the compounds excreted from the fungus Giberella fujikuroi, which triggered exaggerated growth on rice plant height and suppressed the production of seeds. The first isolated compound from the fungus culture was called gibberellic acid (GA3), which is responsible for stem growth due to the stimuli that the gibberellins promote on cellular elongation rates and division (Taiz and Zeiger, 2013) .
On the other hand, gibberellins are never present in tissues with total lack of auxins, and the effects of gibberellins on growth might also depend on the acidification of the environment by auxins. Application of gibberellins is also responsible for parthenocarpy in fruits, by increasing the fruit size and the number of buttons and seed germination, more specifically over the production of -amylase in the aleurone layer of cereals (Camili, 2007; Taiz and Zeiger, 2013) . Gibberellins help in seeds germination, as is the case for lettuce and cereal, and control of flowering and sexual expression of flowers. Many PGPR are described as producing gibberellins (Dobbelaere et al., 2003) , including Rhizobium, Sinorhizobiu meliloti (Boiero et al., 2007) .
In the literature, few are the studies about the production of cytokinins by plant growth promoting bacteria. Ortiz-Castro et al. (2008) studied cytokinin signaling in the promotion of crop growth by Bacillus megaterim, and found that cytokinin receptors play a complementary role on crop growth promotion. This growth regulator has great capacity to promote cellular division, participating in the process of elongation and cellular differentiation, especially when interacting with auxins (Taiz and Zeiger, 2013) .
Ethylene is a growth regulator produced by all plants, and is essential for proper growth and development. When in stressful situations, as drought, salinity, flooding, trace elements, and pathogens, the plant significantly increases production of this growth regulator, triggered by its defense response (Saleem et al., 2007; Bhattacharyya and Jha, 2012) . But if the stress persists, the severe increase in ethylene concentration by the plant will trigger senescence processes, chlorosis and abscission, leading to inhibitory effects on growth and development (Stearns and Glick, 2005) .
In relation to growth promotion involving ethylene, several studies have been made with bacteria capable to promote plant growth, related to the synthesis of the enzyme ACC (1-aminociclopropano-1-carboxilato) deaminase, which hydrolyses ACC, an immediate precursor of ethylene. Since high concentrations of ethylene act on radicular growth inhibition and senescence, ACC-deaminase regulates the levels of ethylene in order to assist the plant in its growth and development (Onofre-Lemus et al., 2009) .
Rhizobacteria capable of producing the enzyme ACC deaminase belong to several genera, as Bacillus, Burkholderia, and Rhizobium, among others (Zahir et al., 2008; Onofre-Lemus et al., 2009; Kang et al., 2010) . These bacteria associated with plants help regulate ethylene levels, acting as ACC sinks, reducing the deleterious effects of ethylene and promoting plant growth. The main effects of plant inoculation with ACC deaminase-producing rhizobacteria are increase in seed germination rates, radicular growth stimulation, enhancement in nutrient absorption, as nitrogen, phosphorus and potassium, and increase in nodulation on rhizobium (Zafar- Ul-Hye et al., 2007; Glick, 2012) .
Phosphate solubilization
Phosphorus is the second limiting nutrient for vegetable growth after nitrogen, and is abundant in the soil both on organic and inorganic forms. However, in most soils this element is in low availability to plants, since they can only absorb it in the forms of the soluble ions H 2 PO 4 -and HPO 4 -2 Bhattacharyya and Jha, 2012) . The search for strategies to enhance the availability of this mineral to plants can significantly improve crop growth and productivity, since the fraction of phosphorus that is available for plants is relatively low in soils (5% of total phosphorus) (Dobbelaere et al., 2003) .
The use of microorganisms that solubilize phosphate may assist or substitute the use of phosphate fertilizers in agriculture (Khan et al., 2006) . The mechanism used by bacteria to solubilize inorganic phosphorus is through the production of organic acids, while the mineralization of organic phosphorus is through the production of several phosphatases that result in the release of phosphoric acids (Bulgarelli et al., 2013; Glick, 2012) . Rhizobacteria as Rhizobium, Bacillus and Pseudomonas, are efficient in the process of solubilization of inorganic phosphate, making it available for the plants. Studies show the positive effect of inoculation with bacteria that solubilize phosphate on the promotion of plant growth (Marra et al., 2011; Ahemad and Khan, 2012; VikRAM and Hamzehzarghani, 2008) .
Production of siderophores
Iron, as well as phosphorus, is an abundant element in soil, but, due to the low solubility of iron oxides, little is available for plants (Rajkumar et al., 2010) . Thus, plants need to use strategies to increase Fe availability through either the release of protons in order to reduce the pH of the soil and increase Fe, or the release of a Fe chelating agent, as siderophores, which will bind Fe, so it can be absorbed by the plant roots (Jeong and Guerinot, 2009) .
Rhizobacteria, as well as plants, have the ability to produce iron chelating molecules, called siderophores, when there is low availability of Fe for their development. The release of siderophores by the rhizosphere bacteria assists the crop growth, inhibiting the proliferation of pathogens in the roots, due to the competition for Fe in the soil (Dobbelaere et al., 2003; Bulgarelli et al., 2013) . Plants have the capacity to absorb the bacterial Fesiderophores complex, and, once inside the plant, the Fe unbounds from the siderophore and this molecule is then recycled or destroyed (Rajkumar et al., 2010) .
In studies with the plant Arabidopsis thaliana, it was found the presence of Fe-pyoverdines, a siderophore synthesized by Pseudomonas fluorescens, and an increase in Fe content inside the plant and also an increase in crop growth (Vansuyt et al., 2007) .
Rhizobacteria also act on biological control by reducing fungus diseases in the plants, and thus promoting plant growth (Dey et al., 2004) .
Sequestration and transport of iron on plant cells through siderophores from rhizobium is one of the ways to provide iron to the plants when in conditions of low iron availability in the environment. Several strains of rhizobium can synthesize siderophores, that will bind Fe 3+ , reduce it to Fe 2+ , making it available for the plant (Carson et al., 2000; Arora et al., 2001) .
INDIRECT MECHANISMS
The main indirect mechanism of crop growth promotion is related to the use of rhizobacteria as agents of biological control against plant pathogens, by induction of resistance and production of antifungal substances. Many PGPR are capable of producing antifungal metabolites, as hydrogen cyanide and enzymes, such as chitinases and glucanases, that degrade the fungal cell wall (Persello-Cartieaux et al., 2003) .
The interaction between plants and rhizobacteria stimulates crops to acquire resistance against some pathogenic microorganisms, as bacteria, fungi and viruses. This process is known as induced systemic resistance (ISR), which is caused by the release of some bacterial molecules that activate promoting genes of defensive compounds in the plant (Lugtenberg and Kamilova, 2009 ).
Strains of Bacillus, when used as a biocontrol agent against phytopathogens, use this mechanism of production of antibiotic substances (Kokalisburelle et al., 2006) . P. fluorescens are bacteria known by the suppression of pathogenic fungi in the soil, by producing antifungal metabolites and releasing siderophores, by making the iron unavailable to the pathogens in the roots (Dwivedi and Johri, 2003) . Several species of Bacillus and Pseudomonas are used in biologic control, such as in tomato plants when inoculated with bacteria from these genera, which leads to a reduction of wither symptoms caused by Ralstonia solanacearum and Fusarium oxysporum f. sp. lycopersici (Rocha and Moura, 2013) .
Besides acting on control of bacteria, fungi and viruses, PGPR may also act on the control of nematodes. In studies with watermelon and melon, inoculation of rhizobacteria decreased nematode attacks to these plants ( Kokalis-Burelle et al., 2003) . In rice seeds inoculated with PGPR, the control of Meloidogyne graminicola associated with growth promotion in plants was found (Souza Junior et al., 2010) .
BACTERIAL COLONIZATION
Colonization of plant roots by beneficial rhizobacteria is one important step towards interactions between plant and bacteria. However, it is a complex process that is influenced by several biotic and abiotic factors, such as quantity of bacteria and root exudation (Benizri et al., 2001) . The success of root colonization by rhizobacteria, as its persistence in the rhizosphere, is a fundamental factor for exerting the beneficial effects to the plants. A minimal bacterial density is necessary for the establishment of the molecular, biochemical and physiological mechanisms of plant-microbe interaction, and this concept is called quorum sensing (QS) (Williams, 2007; Sanchez-Contreras et al., 2007) .
The mechanism of QS depends on synthesis and release of chemical signals by the bacteria in the environment, and detection of these signals, as a function of the cellular population density (Camilli and Bassler, 2006) . Such group behavior results in alteration of genetic expression, which drives the activity of the microorganisms in a coordinated manner (Williams, 2007) . Among the chemical signs released, the more common used by Gram-negative bacteria are called homoserine lactones, originally called N-acyl homoserine lactones (AHLs). Biosynthesis and effects of self-inducers like AHLs rely especially on the activity of a protein family of LuxI and LuxR. After the AHLs are produced by AHL synthases enzymes, they spread across bacterial membranes and accumulate until they reach higher concentrations. In a certain concentration threshold (approximately 10 nM), AHL binds to the gene LuxR, forming a complex that regulates gene expression (Hanzelka and Greenberg, 1995) .
Communication via quorum sensing by AHLs in rhizobium affects its metabolic and physiologic processes, including mobility, exopolysaccharide synthesis, biofilm formation, production of virulence factors, plasmid transfer, efficiency in root nodulation and efficiency of nitrogen fixation (González and Marketon, 2003; Sanchez-Contreras et al., 2007; Pierson and Pierson, 2007) . Studies with rhizobacteria of the genus Pseudomonas tagged with fluorescent genes found that, as a consequence of the radicular colonization by these bacteria, there was an increase in the biosynthesis of siderophores, growth regulators, antibiotics and hydrolases (Compant et al., 2010) .
CONCLUSION AND RECOMMENDATION
In the search for a more sustainable agricultural production, the interactions between plants and rhizobacteria are important for the plant to absorb nutrients that otherwise would be unavailable for its development. Rhizobium is already used for leguminous plants, with excellent results because of its ability to fix atmospheric nitrogen. They may act as growth promoters in oleraceous plants because they have direct and indirect mechanisms of plant growth promotion. Since most studies involving growth promoting bacteria for oleraceous plants are with the Pseudomonas and Bacillus genera, it is important to seek other genera and species.
In the current literature, there are very few studies using rhizobium as growth promoters for oleraceous plants. However, there are various rhizobium species that need to be explored, as well as species and variety of crops, in which the effect of inoculation is poorly studied. Therefore, new studies with Rhizobia characterization and observation about its different mechanisms of promoting plant growth should be performed. Such information would be useful for the identification of plants with potential to increase agricultural production due to the benefits of using plant growth promoter's rhizobia.
